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Abstract—A method for synthetic aperture compounding
(SAC) is applied to data from water tank measurements, data
from a tissue-mimicking phantom, and clinical data from the
abdomen of a healthy 27 year old male. Further, using this
method compounding can be obtained without any loss in tempo-
ral resolution. The water tank measurements reveal an improved
detail resolution of 45% when comparing SAC to conventional
compounding and an improvement of 22%, when comparing to
synthetic aperture (SA) imaging. The cystic resolution at 12 dB is
improved by 50% and 12% when comparing SAC to conventional
compounding and SA imaging respectively. The tissue phantom
measurements show a 3.2 dB improvement of the normalized
information density (NID) when comparing images formed using
SAC to conventional compound images and an improvement of 2
dB for a comparison between SAC imaging and SA imaging. For
the clinical images, contrast ratios (CR) are computed between
regions in the portal and hepatic veins and the surrounding tissue.
An average improvement of 15% is obtained when comparing
SAC images to SA images without compounding.
I. INTRODUCTION
Medical ultrasound imaging is used for many purposes,
e.g. for localizing and classifying cysts, lesions, and other
processes. Almost any mass is first observed using B-mode
imaging and later classified using e.g. color flow, strain, or
biopsies. It is therefore important that the B-mode images
have high contrast. Like all imaging modalities, ultrasound
is subject to a number of inherent artifacts that compromise
image quality. The most prominent artifact is the degradation
by coherent wave interference, known as ’speckle’, which
gives a granular appearance to an otherwise homogeneous
region of parenchyma [1], [2]. The speckle reduces image
contrast and diminishes the possibilities for detection of low-
contrast regions.
A successful approach to remedy the speckle artifacts is spa-
tial compounding, where images are acquired from a number
of directions and combined after envelope-detection [3], [4].
Today, spatial compounding is implemented in all state of the
art, high-end ultrasound systems and available when using a
low pitch transducer with a fairly high number of independent
channels. A drawback of conventional compounding is either
a reduction of the frame rate or a reduction of the true
temporal resolution. This paper investigates an approach based
on synthetic aperture imaging, where compounding can be
obtained without any loss in temporal resolution.
The organization of this paper is as follows: First, some
performance measures for ultrasound imaging systems are
defined. Next, spatial compounding is described as used
for images formed using dynamic receive focusing (DRF),
which we will refer to as DRFC. After a brief introduction
to synthetic aperture (SA) imaging, the synthetic aperture
compounding (SAC) is described in full detail. In the results
section, performance measures are extracted from water tank
and phantom measurements and using a similar setup, the first
clinical image obtained using SAC is presented. Finally, a
discussion of the results and possibilities for improvements.
II. PERFORMANCE MEASURES
Development of new ultrasound imaging methods includes
several quality and performance assessment stages. To assess
the image quality both the detail and contrast resolution are
studied. They can both be measured and quantized through a
combination of water tank and phantom measurements, but
often extensive clinical evaluations are also carried out to
ensure that the desired clinical performance is met. In this
paper, the main focus will be on the following measures, which
can be obtained from water tank and phantom measurements
alone.
a) Detail resolution: The detail resolution is the separa-
tion at which identically point targets can be distinguished. It
is distinguished by the main lobe width of the point-spread-
function (PSF) and the 6 dB axial pulse length, i.e. the lateral
and axial full width at half maximum (FWHM) of the PSF.
b) Cystic resolution: The detail resolution alone is not
appropriate for comparing the imaging performance of medical
ultrasound systems, since it ignores what is outside the main
lobe, which have a significant impact on the image of wide
dynamic range systems. Acoustic clutter from surrounding
objects fill-in images of anechoic objects such as cysts, or
weakly echogenic objects such as blood vessels, and reduces
their detectability. The ability to detect anechoic or weakly
echogenic objects in the presence of strong surrounding
objects is sometimes referred to as contrast resolution and
was first introduced as “cystic resolution” [5]. The contrast
resolution can be quantized by the clutter energy to total
energy ratio (CTR). The CTR is defined as the ratio of the
PSF energy outside a circular region with radius R to the
total PSF energy. For a large ensemble of measurements, the
CTR is also a measure of the difference between the average
level of a cyst’s center and the background. To get a single
measure, one either measures the drop in brightness for a fixed
radius R or the radius of a cyst, which can be observed at a
fixed level, e.g. R12dB.
c) Tissue contrast resolution: Most commonly, contrast
resolution refers to the ability to distinguish echogenicity
differences between a region of interest (ROI) and the back-
ground, tissue contrast resolution. Tissue contrast resolution
is often quantified by either contrast ratio (CR) or contrast-to-
noise ratio (CNR), which are both object dependent and where
latter is improved on increasing object contrast as well as by
lowering the variance.
d) Normalized information density: The primary source
of contrast resolution loss is coherent wave interference also
known as speckle. This artifact is reflected in the signal-to-
noise ratio (SNR) at a point defined as the expectation value of
the magnitude of the received signal, µV = E(V ) and in units
of its standard deviation, σV . In the literature, this is referred
to as the signal-to-noise ratio at a point SNR0, and if the
envelope-detected signals, V follow Rayleigh statistics, then
for a fully developed speckle, the theoretical value of SNR0 is
1.91 [2]. This value is increased by spatial compounding [6]
and an increase is associated with improved image contrast.
SNR0 is object independent, but theoretically it can be shown
that the SNR for a difference signal scales with the square
root of the number of independent speckle cells [7], so
somehow it would be beneficial to incorporate speckle size.
Such a measure was introduced by Ustuner et. al. referred to
as normalized information density (NID), which reflects the
ability of a system to distinguish 1 dB brightness differences
in the presence of fully-developed speckle [8]
NID =
SNR20
2S
=
(µV /σV )
2
2S
, (1)
where S is the average speckle size, which can be obtained
from the auto-covariance function of the intensity.
III. METHODS
A. Compounding
For conventional spatial compounding, a low-pitch linear
or convex array is used. A subset of the elements is selected
as the current active aperture, and this aperture is used as a
phased array to steer the beam in a direction making an angle
θ with a normal to the transducer surface. The active aperture
is then moved, until scan lines originating from the entire
extent of the array are recorded. This procedure is repeated
for angles θi, i = 1, . . . Nθ, where Nθ is the number of
angles to be used for compounding. Next, the Nθ sub-images
are envelope-detected and added using scan-line conversion.
The resulting image has a reduced speckle appearance, a
lower noise floor, grating lobes (if present) are lowered, and
boundaries subject to non-normal incidence are more visible,
and image shadowing is confined to a smaller triangular region
behind the attenuating masses or boundaries. The region where
all sub-images overlap is referred to as the fully-compounded
region.
A drawback of conventional compounding is either a re-
duction of the frame rate or a reduction of the true temporal
resolution. In the case of the latter, the temporal resolution is
reduced due to images being buffered to achieve an apparent
high frame rate.
B. Synthetic Aperture
A typical setup for synthesizing both the transmit and
receive aperture is to acquire data by emitting a spherical wave
with a subaperture and receiving with all of the elements [9].
This procedure is then repeated for all emissions and a
complete data set is acquired. Using this data set, any beam
and focusing can be synthesized.
For transmit focusing, delays and apodizations are calcu-
lated for each point in the image to construct signals, which at
each point sum up coherently. For receive focusing, another set
of delays and apodizations are applied to the signals received
from the individual transducer elements and then a weighted
sum is performed. In addition, the apodization can be adjusted
to even out the resolution over a range of depths to maintain a
constant resolution by realizing a fixed F-number using an
expanding or contracting aperture for transmit and receive
beamformation, respectively. A major advantage of synthetic
aperture imaging is the possibility to focus everywhere in the
image resulting in a better resolution. Further, this can be
achieved using the same amount of time for data acquisition as
for conventional imaging. The price for the resolution though,
is a huge increase in RF data processing - an increase by the
number of lines to beamform for each pulse emission.
C. Synthetic Aperture Compounding
To perform compounding using synthetic aperture data,
apodizations are calculated for each image point corresponding
to imaging the point using a focused beam centered around the
point and making an angle θ with a normal to the transducer
surface. In Fig. 1, it is shown for a single point, how the
transmit apodization for an emission with transmit origin
~xorigin are calculated using the distance from the transmit
origin ~xxmt to the “scan-line”. Similarly, receive apodizations
~xxmt
~xrcv~xorigin
~xfp
θ
Figure 1. Wave propagation path (thick dashed line) for calculating time-of-
flight for synthetic aperture focusing for an emission with origin ~xorigin and
data acquired with the element positioned at ~xrcv. The transmit and receive
apodizations can be read-off the figure as the intersections of the scan line
and the Tukey and Hamming profile respectively.
are calculated for each point and applied to the signals received
from the individual receiving elements of each transmission.
The receive apodization values are likewise computed using
the distance from the “scan-line” to now the position of the
receiving elements. The delay calculation are identical to what
is used for synthetic aperture imaging without compounding.
The RF data are beamformed as in-phase and quadrature
components, and the envelope computed as the absolute value.
This rather complex procedure is repeated for angles θi,
i = 1, . . . Nθ, where Nθ is the number of angles to be used for
compounding. Finally, the compound image are constructed
by addition or multiplication of the enveloped images. An
implementation of this method uses a buffer for Nθ images
and calculates the delays for each pixel only once. In this way,
a compound image is ready immediately after the last emission
and only the processing resources limits the number of angles
used.
IV. RESULTS
To investigate the contrast and detail resolution for SAC
a setup using a commercial 3 MHz, 192 element, λ pitch
convex array (BK Medical) was used for water tank and
tissue phantom measurements. The sampling was done using
an experimental ultrasound scanning system, SARUS, capable
of storing 12-bit individual channel data at 70 MHz [10]. For
SA and SAC imaging, a 16 element subaperture was used for
192 unfocused emissions. For each emission, data from all 192
channels were stored. For comparison, for DRF and DRFC, a
64 element subaperture was used for 192 focused emissions
for each compound angle. For each emission, data from all 192
channels were stored. For all emissions, a two-cycle sinusoid
was used for excitation together with a Hamming apodization
on the active subaperture. Compounding for DRF and SA
data was done using 5 angles with an angular separation of 5
degrees.
For processing, a small parameter study was made to find
the optimal F#’s for dynamic apodization to achieve the best
R12dB for wires at depths 15, 40, 65, and 90 mm.
A. Water phantom
In Table I, the detail resolution and contrast resolution (for
anechoic objects) is measured for the wire at depth 65 mm,
shown in Fig. 2 using the four imaging techniques. For both
Table I
R12dB FWHMlat FWHMax [mm] Area6dB [mm2]
DRF 1.25 1.41 0.70 3.08
DRFC 1.19 1.37 0.70 3.00
SA 0.68 1.13 0.59 2.10
SAC 0.60 0.83 0.63 1.65
the DRF and SA, compounding results in an improved lateral
resolution, but only for SA this comes at the cost of a worse
axial resolution. The cystic resolution, R12dB is also improved.
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(d) SAC
Figure 2. PSF images obtained using water tank phantom with wires.
Finally, we note that the CTR as well as the clutter ratio is
much improved for both SA and SAC compared to DRF and
DRFC.
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Figure 3. CTR for DRF and SA (thick dashed lines) and for DRFC and
SAC (thick solid lines). Clutter levels are shown below as thin dashed and
solid lines for the wire at 65 mm, for images with and without compounding
respectively.
B. Tissue phantom
To obtain measures for tissue contrast resolution, a tissue
mimicking phantom was scanned using the same configura-
tions. In Fig. 4, the resulting images are presented and in
Table II, SNR0, speckle size, and NID measures are presented
computed as an average inside the regions shown in Fig. 4.
A small increase in SNR0 followed by an increase in speckle
size is seen for DRFC, when compared to DRF. This is
much less than anticipated and deserves future investigation.
Consequently, only a 1% increase in NID is observed. For SA,
no increase in SNR0 is observed, a large decrease in speckle
size is observed, and the NID is improved dramatically.
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Figure 4. Speckle images obtained using a tissue-mimicking phantom.
Table II
SNR0 Speckle size [mm2] NID
[
dBmm−2
]
DRF 1.88 0.66 4.29
DRFC 1.96 0.73 4.23
SA 2.01 0.57 5.50
SAC 1.95 0.34 7.45
C. Clinical images
The measurements for the clinical images were performed
using an experimental ultrasound scanning system, RASMUS,
capable of storing 12-bit individual channel data at 40 MHz.
For imaging, an 11 element subaperture is used for each
emission using a 20 µs FM signal. For receiving 128 channels
are sampled. The transducer used is a commercial 5.5 MHz,
128 element convex array with λ pitch (BK Medical) [11].
The data were processed exactly like for the water and tissue
phantoms taking into account the different excitation. In Fig. 5,
the first clinical image obtained using SAC is presented. The
portal vein branch is in the center of the image and the hepatic
veins are located to the left above. CR and CNR values are
computed between regions in the portal and hepatic veins and
the surrounding tissue. The resulting values are presented in
Table III.
V. CONCLUSION
The water tank and tissue-mimicking phantom measure-
ments show an improved lateral resolution and an improved
NID for the suggested method for compounding using syn-
thetic aperture data. An improved contrast resolution is also
observed for the clinical data and it is definitely worth con-
tinuing studying this method for further evidence of its work
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Figure 5. The images (a) and (b) show the abdomen of a healthy 27 year
old male with and without compounding. Dynamic range is 60 dB.
Table III
SA SAC
CR(dB) -12.59 -13.07
po
rt
al
CNR -1.34 -1.30
CR(dB) -16.77 -18.41
he
pa
tic
CNR -2.66 -2.88
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